Density fluctuation measurements covering a wavenumber range relevant to ITG, TEM and ETG type instabilities (k ⊥ ρ i ≈ 0.2 → 10) are compared during Ohmic and neutral beam injection (NBI). These short time duration NBI perturbations modified the background temperature as well as the density fluctuation behaviour but had little effect on the background density. It is found that both the measured and calculated responses to these perturbations varied with wavenumber supporting the need for broad wavenumber comparisons. The experimentally measured fluctuation changes and calculated growth rates (from the linear gyrokinetic code GKS) show qualitative similarities to each other at low and intermediate k while the comparison at high k is inconclusive.
Introduction
The understanding of anomalous electron transport and an improved understanding of anomalous ion transport represent a significant experimental and theoretical challenge. Significant progress, especially at longer wavelengths, has been made [1, 2] . Continued progress in this area will result in improved confidence in predictions for next-step fusion devices and, potentially, improved control of transport. Detailed comparisons of transport properties and broad wavenumber range turbulence measurements with theoretical predictions are believed to be essential in developing this predictive capability. Further, the interaction of various instabilities is proving to be an important theoretical process [3, 4] providing additional motivation for experimental measurements over a broad range in wavenumber. Due to the possible interaction of these various wavenumber ranges and the possibility of their differing response to plasma conditions it is important to make these measurements simultaneously or near simultaneously.
Turbulence measurements over a range of wavenumbers are underway on a number of research devices including DIII-D (the results reported here and [5, 6] ), FT-2 [7, 8] and NSTX [9] . These efforts employ various types of scattering to access the wavenumber range of interest, from mm-wave backscattering (DIII-D [5] ), enhanced upper-hybrid resonance backscattering (FT-2, [7] ), to forward FIR scattering (NSTX [9] ). The results confirm the existence of fluctuations over a very broad range in k, from low-k ion temperature gradient (ITG) instabilities up to and including high-k electron temperature gradient (ETG) instabilities. The behaviour of the high-k fluctuations is found to be consistent with theoretical expectations for ETG instabilities (the results reported here, and [6, 7] ). Additionally, there are indications that the highk ETG scale fluctuations contribute to the electron thermal transport, however more work remains in this regard [6] . Broad wavenumber turbulence measurements and, in particular, highk measurements are areas of significant ongoing research due to their impact on the understanding and prediction of turbulence induced transport. This paper presents experimental measurements of density fluctuations over a broad wavenumber range (0-35 cm (TEM) and ETG type instabilities. Here k ⊥ is the wavenumber perpendicular to the local magnetic field and ρ i is the local ion gyroradius. The focus of this paper will be on turbulence measurements from an far infrared (FIR) scattering system and mm-wave backscattering system. A brief overview of the fluctuation diagnostics used is first presented. Following this are data from experiments, where the plasma and turbulence are modified using neutral beam injection (NBI). Comparisons between calculated growth rates and the measured fluctuation levels are made and discussed. It is found that there is some agreement with predicted changes at low and intermediate k while comparison at high k is inconclusive.
Low and intermediate wavenumber measurements using FIR scattering
A FIR forward scattering system (figure 1) operating at 288 GHz was used to monitor density fluctuations in the range 0-2 cm −1 (k ⊥ ρ i 1) and 7-11 cm
The split wavenumber range covers the low-k part of the turbulent spectrum where much of the turbulent power is thought to reside while the intermediate-k range (7-11 cm −1 ) covers the transition region between the TEM and ETG modes. The range in k ⊥ ρ i is principally due to plasma parameter variation over the measurement region. The system utilizes solid-state sources, quasi-optical beam focusing elements, and flat and parabolic metal mirrors. Forward scattering at small angles (±1
• ) probes long wavelength turbulence (k ∼ 0-2 cm −1 ) while also allowing for interferometric phase measurement. Forward scattering at larger angles (7
• -11 • ) probes larger wavenumber fluctuations (k ∼ 7-11 cm −1 ). The wavenumbers detected are poloidal wavenumbers. The system has a wavenumber resolution of approximately ±1 cm −1 and a frequency response to more than 10 MHz for low k and 100 MHz for intermediate k.
The FIR probe beam is oriented radially along the tokamak midplane ( figure 1 ). For the wavenumbers reported here, the low-k channel samples a chord average along the probe beam and, therefore, has limited radial resolution. The intermediatek channel also has limited albeit somewhat better spatial localization corresponding to approximately the minor radius a of the tokamak and centred upon the high field side (figure 1).
High wavenumber measurements using mm-wave back scattering
A mm-wave backscatter approach was used to monitor highk (35-40 cm −1 , k ⊥ ρ i ∼ 4-10) fluctuations. The system and multiple validation tests are described in detail in [5] . The physics of the measurement method is the same as the FIR forward scattering described above with the exception that the observation angle is very near 180
• with respect to the probe beam whereas the FIR scattering angle is 0
• -11
• . A high power (200 mW) 94 GHz solid-state source was employed together with standard waveguide receiver and coupling components. Figure 1 shows the geometry of the mm-wave backscatter and FIR low-and intermediate-k scattering systems. The 94 GHz incident and backscattered radiation is shown as a single solid red line in figure 1 . Only a single line occurs because in this 180
• backscatter geometry the scattered radiation retraces the incident radiation path. As indicated in figure 1 the 2f ce electron cyclotron resonance acts as an internal 'beam dump' for the high-k probe beam absorbing both the incident and forward scattered radiation from low-k turbulence. The signal from the mm-wave backscatter diagnostic then comes from a roughly cylindrical volume, which starts at the plasma edge and ends at the electron cyclotron resonance location. For the plasmas studied here the resonance location was r/a ∼ 0.35 indicated in figure 1. Thus the detection region for high k extends from the plasma edge inward to this radial location. Finally, it should be noted that backscatter observes principally radial k while the FIR scattering is principally poloidal k.
Experimental results
Linear growth rates of the various plasma instabilities are predicted to vary with the local variables, T e , T i , L n , L T , Z eff , etc. Theoretically, the ratio of electron to ion temperature T e /T i , density and temperature scale lengths, L n , L T , and impurity concentration are expected to affect the growth rates of the low-and high-k fluctuations in different ways (e.g. see [10] [11] [12] ). For example, increasing T e /T i is believed to increase the ITG growth rates while decreasing the ETG growth rates (with all other quantities held fixed). Decreasing L n (while keeping L Te either constant or increasing it) can theoretically turn off the ETG modes. The goal of the experiment described here was to modify one or more of these parameters to measure the fluctuation response over a broad wavenumber range, and to compare these measurements to predictions of various turbulence and instability codes. The measured profiles (n e , T e , etc) are used as code inputs. In practice it is quite difficult to modify one plasma parameter, without affecting the others. The experimental approach was to attempt to modify only one parameter, but to measure all of the important ones, and to use these measurements as input into the codes. For the data presented here the plasma parameters were
19 m −2 , and deuterium working gas. Neutral beams were injected into this moderately low density Ohmic plasma, with the beam duration increasing from 10 ms, to 20 ms and finally to 30 ms. This combination of low density target plasma and short beam duration neutral was found to heat the electrons and ions providing little or no density change. Figure 2 shows the plasma current, chord average density and neutral beam injection time traces where it is seen that the density is little affected by the NBI. In contrast, the electron temperature is strongly affected by the NBI, increasing to a maximum near the end of each NBI pulse and having a larger percentage increase as the pulse length increases. Figure 3 shows profiles of electron density and temperature (from multipoint Thomson scattering) and ion temperature (from charge exchange recombination spectroscopy measuring the fully stripped carbon impurity) as well as their respective inverse scale lengths for the two times 1010 ms (nominal Ohmic) and 1780 ms (near the peak T e response during the third NBI pulse). The error bars shown are from multiple automatic spline fits to the data and indicate the one-sigma error bar from the resulting distribution. For each fit, the data are randomly varied within the measurement error and the profile refitted. It is observed that the density does not change appreciably while both T e and T i increase across the plasma radius. The inverse scale lengths of the density and electron temperature do not vary significantly with the NBI pulse. The exception to this is near the plasma edge where the inverse electron temperature scale length decreases. The inverse ion scale length does change ∼25% in the core with NBI. Note that the profiles shown in figures 3(a)-(c) are the inputs to the GKS gyrokinetic code [13] discussed in more detail later. The GKS code internally calculates the scale lengths (e.g. using a/L T = (a/T )(dT /dr) for the temperature scale length, where a is the minor radius), Z eff (charge balance is assumed with measured electron, ion and carbon densities as inputs), and magnetic shearŝ (radial derivative of safety factor profile from magnetic equilibrium calculation,ŝ = (r/q)(dq/dr)) based upon the inputs. Z eff is approximately 1.25 for these plasmas and does not vary with NBI ( figure 4(a) ). The magnetic shear parameter s increases monotonically from the core to the edge and also does not vary with the NBI ( figure 4(b) ). The ratio T e /T i is approximately 1 in the plasma core decreasing towards 0.5 near the edge. Interestingly, this ratio is also approximately unchanged with NBI ( figure 4(c) ).
Experimentally measured power spectra of low-, intermediate-and high-k density fluctuations are shown in figure 5 for the Ohmic and peak T e response (during the third NBI) pulse times. Of note are the different frequency scales. The high-k system is currently homodyne and so shows only positive frequencies. In contrast, the lowand intermediate-k FIR systems are heterodyne so that the spectra show both positive and negative frequencies. The FIR scattering system measures the turbulence in the laboratory frame of reference, which includes both the intrinsic fluctuation frequency and any E × B Doppler frequency shift that may be present [14, 15] . The spatial variation of the combined intrinsic fluctuation frequency and the E × B Doppler frequency shift has been utilized to improve the spatial resolution of similar measurements [15] . In this picture higher measured frequencies are mapped to regions of larger total frequency (the total frequency being the sum of the intrinsic fluctuation frequency and E × B Doppler frequency shift). For L-mode plasmas these higher frequencies are typically near the half radius, while lower frequencies are mapped to the edge. An ambiguity arises in this prescription since low frequencies can occur at both the edge and r/a = 0. This ambiguity is partially resolved by noting that fluctuation levels tend to peak at the edge so that the edge region will tend to dominate the low frequency part of the power spectrum. As previously mentioned, the low-k signal has limited physical spatial resolution, since it simultaneously samples both the low and high field sides of the tokamak. The mapping of the measured fluctuation frequency to radial location can somewhat improve this. A complicating factor is that due to the sample volume, fluctuations propagating uniformly on a flux surface will be observed to have opposite frequency shifts corresponding to signals originating from the high and low field sides. The result of this is that the low-k spectrum will tend to be symmetric in frequency. In comparison to this, the slightly superior spatial resolution of the intermediate-k (approximately the plasma minor radius for the wavenumbers discussed here) is better able to separate the low and high field sides of the tokamak. Thus asymmetries in the intermediate-k frequency spectrum can appear which correspond to the higher sensitivity to fluctuations on the high field side. The mapping of frequency to spatial location can to some extent improve the spatial localization of the intermediate-k as well.
The low-k spectra extend only to about 250 kHz in contrast to the intermediate and high k which extend to ∼1000 and 1400 kHz, respectively (figure 5). The low-k spectrum broadens and increases in amplitude during NBI ( figure 5(a) ). Comparison of the integrated low-k fluctuation levels (excluding the IF frequency at 0 kHz) shows an increase of more than 40% during NBI. In terms of percentage variation, the increases are most pronounced for the higher frequency components, |f | > 50 kHz ( figure 5(a) ) which potentially come from the core plasma. The intermediate-k spectrum ( figure 5(b) shows the most marked variation in shape of the three wavenumber ranges. The fluctuation level integrated over the positive frequencies (f > 0) decreases ∼10% while the level for f < 0 increases ∼10% leaving a net zero change with NBI ( figure 5(b) . These changes could be due to a Doppler shift that conserves the total energy, a spatial variation in fluctuation level that leaves the total energy constant, or a combination of the two. The simplest explanation is a Doppler shifted spectrum although it will be seen in the next section that a spatial variation is consistent with both the data and simulation. The high-k fluctuation level increases approximately 30% comparing the two times. While the increase is largest in a relative sense for the frequency range 200 to 600 kHz, the increase at lower frequencies 25-200 kHz accounts for the majority of the total increase. The narrowband feature near ∼375 kHz is a spurious component and is not due to the plasma. Unlike the low-and intermediate-k FIR scattering systems (which measure poloidal k) the different frequencies of the high k (radial k) cannot be attributed to a particular radial location. The observed increases can therefore best be interpreted as arising from the sample volume which extends from the edge to r/a ∼ 0.35 (figure 1 and discussion in section 3). These results can be compared to research on the FT-2 tokamak where broad wavenumber fluctuations are observed to exist over the spectral range kρ s ∼ 1-18 (similar to the range kρ s ∼ 0.2-10 here) [7, 8] . The high-k ETG scale turbulence on FT-2 is found to be consistent with ETG instabilities [7, 8] . Further, the ETG scale fluctuations of FT-2 tend to decrease towards the edge of the tokamak. High-k scattering on NSTX has also reported fluctuations at the ETG scale in plasmas that are calculated to be unstable to ETG instabilities [9] . Thus experimental data from a number of machines support the picture of plasma turbulence existing over a very broad range in wavenumber. 
Comparison with linear instability calculations
Calculations using the GKS [13] linear stability code indicate that these discharges are unstable to a wide range of instabilities: ETG, ITG and TEM. The inputs to the GKS code are the profile information in figures 3 and 4 plus information on the magnetic configuration of the plasma. Figure 6 shows the calculated growth rates and real frequencies over the radial range ρ = 0.1-0.9 for a range of k θ ρ s values relevant to the measurement. Here k θ is the poloidal wavenumber and ρ s is the ion gyroradius calculated using the local electron temperature. The range of k θ ρ s used corresponds to the experimental range of the measurements as well as providing some idea of the range of uncertainties in the calculations. Experimentally the range of k θ ρ s is set by both the wavenumber resolution as well as by the variation in plasma parameters across the measurement region. In the GKS calculations positive growth rates indicate instability. Negative real frequencies indicate propagation in the ion diamagnetic direction, consistent with ITG features, while positive frequencies are consistent with electron type modes, e.g. TEM and/or ETG. In figure 6 the lower values of growth rate and frequency generally correspond to the lower bound in the particular range of k θ ρ s used (conversely higher values of growth rate and frequency generally correspond to the upper bound of k θ ρ s used). Complementing these radial growth rate profiles at fixed values of k θ ρ s is figure 7(a)-(d) , which shows growth rates versus k θ ρ s for various radial positions. The GKS calculations are only an approximate indication of how the fully developed turbulence would behave, but they do provide a guide as to how the instabilities might appear. In addition, while the GKS code calculates poloidal wavenumber characteristics, the highk data are principally radial k. If the fluctuations are isotropic in k r and k θ then the simulation and high-k data are more directly comparable to each other. Recent coupled ITG-TEM-ETG non-linear simulations using the GYRO code indicate that the simulated high-k spectrum is indeed nearly isotropic in k r and k θ [16] . It is relevant to note here that calculations using an algebraic formula for the critical ETG gradient [10] show that these plasmas are unstable to ETG instabilities during both Ohmic and NBI time periods.
The low-k growth rates (figure 6(a)) show an increase over much of the radius with the exception of r/a > 0.75 where a relatively smaller increase is observed. The real frequency is negative for the majority of the radius indicating a mode propagating in the ion diamagnetic drift direction ( figure 6(d) ). Towards the edge (0.8 < r/a < 0.9) and in the deep core (r/a < 0.4) the real frequency is positive indicating a dominant electron type mode. GKS calculates the growth rates and frequencies of the most unstable mode so that although a particular calculation might show ion frequencies it does not preclude co-existing electron type modes (or vice versa). The increased growth rates and generally increased frequency magnitude are in qualitative agreement with the increased low-k fluctuation levels and broadened spectra presented in section 4. Further, in section 4 it was noted that the lower frequencies in the FIR are often attributed to the edge plasma and higher frequencies to the core. The GKS results are consistent with this picture, showing a small growth rate (γ ) increase at the edge ( figure 6(a) ) where the frequencies are small (figure 6(d) and a larger increase in γ in the core where the frequency magnitude is larger which are similar to measurement ( figure 5(a) .
The intermediate-k growth rate is slightly increased in the core with NBI and decreased in the edge ( figure 6(b) ). The intermediate-k frequencies tend to increase with NBI ( figure 6(e) ) similar to the low-k calculations ( figure 6(d) ). Interestingly, this complicated behaviour is similar to the measured intermediate-k spectra that show a decrease at low frequencies and an increase in fluctuation level at higher frequencies as well as a broadening in frequency ( figure 5(b) ). Thus a rough mapping of the measured frequency to radial location brings the measurement and the GKS calculations into closer agreement. The code indicates an ion propagation direction in the core even though the wavenumber range is more commonly associated with electron type modes. TEMs are predicted to propagate in the ion direction under certain conditions [12] . However, the experimental conditions do not appear to meet these requirements so it is unclear why the code predicts this direction.
The high-k growth rates also show a complicated variation with NBI, increasing substantially in the core and decreasing towards the edge. The decrease in the edge γ ( figure 6(c) ) is primarily due to the change in electron temperature scale length with NBI ( figure 3(e) ). The real frequencies are positive corresponding to electron type instabilities and generally increase with NBI. While the calculated increase in real frequency with NBI is similar to the measured change in spectral width ( figure 5(c) ) the comparison with growth rate γ is less clear. The increase in the core γ tends to be offset by the decrease towards the edge. This is to be compared to the overall increase in measured high-k fluctuation levels ( figure 5(c) ). Given our current understanding, the different frequencies present in the high-k signal cannot be associated with a particular region in space so there is no clarification available there. It is noted that a peaking of the high-k fluctuations towards the core (as seen in FT-2 [7, 8] ) would make the GKS calculations more consistent with the measurements shown here. The overall increase in measured high-k fluctuation levels may therefore be consistent with the predicted linear growth rates, however such a conclusion is not possible at this time. New high-k measurements with improved spatial resolution are underway on DIII-D that may help resolve this.
Summary and conclusions
Density fluctuation measurements have been obtained that show significant fluctuation activity over a wavenumber range (0-35 cm −1 , k ⊥ ρ i ≈ 0.2 → 10) relevant to ITG, TEM and ETG. Short duration NBI into a lower density target plasma principally modified T e and T i , providing a useful perturbation tool. Growth rates calculated using the linear gyrokinetic stability code GKS appear consistent with the low-and intermediate-k measurements. The comparison between the linear growth rates and the high-k measurements appears inconclusive. However, as discussed earlier, the GKS calculations are only an approximate indication of how the fully developed turbulence would behave. Full non-linear simulations, for example utilizing the GS2 [17] , GENE [18] and GYRO [19] codes, are needed to fully understand the theoretical plasma response. Additionally, it is clear that studies such as the one presented here will benefit greatly from the non-linear simulations of plasma turbulence that are able to resolve the fluctuations in terms of both space and wavenumber. Simulated 'diagnostics' that operate on the simulation results and that closely reproduce the real world measurements in terms of space, wavenumber and frequency response are necessary to fully benefit from this. Nonlinear calculations would also address questions of interactions between different scale sizes that may significantly affect the final saturated turbulence state.
